assembled into a superatomic relative of the cadmium iodide (CdI 2 ) structure type. These solid-state materials showed activated electronic transport with activation energies of 100 to 150 millielectron volts. The more reducing cluster Ni 9 Te 6 (PEt 3 ) 8 transferred more charge to the fullerene and formed a rock-salt-related structure. In this material, the constituent clusters are able to interact electronically to produce a magnetically ordered phase at low temperature, akin to atoms in a solid-state compound.
C onventional binary solid-state compounds, A x B y , are infinite, crystalline arrays of atoms A and B. Here, we describe analogous binary solids in which the "atomic" building blocks are pseudo-spherical molecular clusters rather than simply atoms [for reviews on molecular clusters, see (1) (2) (3) ]. We prepare these new solids by combining independently synthesized molecular clusters (4) (5) (6) . The internal structures of the constituent clusters remain unchanged, but charge is transferred between them, forming ionic solids analogous to NaCl. We report three new solids: [Co 6 Despite their ready availability, molecular clusters have been used infrequently as electronic materials. Noteworthy examples of success in this area are the organic-inorganic hybrid materials reported by Batail and Mitzi (7) (8) (9) (10) (11) . Nanocrystals have been assembled into striking superlattices (12) (13) (14) , but they do not have discrete structural, electronic, and magnetic properties and cannot be regarded as genuine artificial atoms. Here, we combine independently prepared electronically and structurally complementary molecular cluster building blocks to form atomically precise binary solid-state compounds. When the building blocks are atoms (ions), binary solids assemble into simple crystalline arrays such as the rock-salt and CdI 2 lattices [for an authoritative text on solid-state inorganic chemistry, see (15) ]. We show that when similarly sized clusters combine, the same lattice results, albeit at the dramatically increased length scale of nanometers rather than Ångstroms. The constituent clusters interact to produce collective properties such as electrically conducting networks and magnetic ordering.
Our strategy was to use constituent molecular clusters that have the same, roughly spherical, shape but very different electronic properties to encourage reaction and subsequent structural Fig. 1 . Structures of the nanoscale atoms as measured by SCXRD. In the figure, the clusters are depicted on the same size scale. The diameter of the cluster is determined as the long diagonal P-P distance. The ethyl groups on the phosphines of 1, 2, and 3 were removed to clarify the view.
www.sciencemag.org SCIENCE VOL 341 12 JULY 2013 association. By analogy to "atomic" solid-state chemistry, we reasoned that the in situ transfer of charge would produce ions (or the equivalent) that could then form an ordered solid. Thus, we sought cluster pairs in which one cluster is relatively electron-poor and the other is relatively electronrich. C 60 carbon clusters are good electron acceptors (16 (3) are all electron-rich. Importantly, these clusters ( Fig. 1 ) are similar in size and shape to the fullerene.
We combined 1 and two equivalents of C 60 in toluene and obtained black crystals after~12 hours. Single-crystal x-ray diffraction (SCXRD) revealed that this solid is a 1:2 stoichiometric combination of 1 and C 60 (1•2C 60 ) (Fig. 2, A and B) composed of hexagonal arrays of C 60 s in a chairlike arrangement separated by layers of the clusters. The C 60 layers are 12.5 Å apart. The centroid-tocentroid distance and the shortest nonbonded C-C spacing between two adjacent C 60 s are 9.9 Å and 3.4 Å, respectively. These distances are comparable to crystalline C 60 (17) . We obtain the exact same structure when we combine the Cr 6 Te 8 (PEt 3 ) 6 cluster 2 and two equivalents of C 60 in toluene (figs. S2 and S3) (18) .
We measured how much charge was transferred between the components in the solid-state material using Raman spectroscopy. The pentagonal pinch mode of C 60 (A 2g ) (1468 cm -1 for pristine C 60 ) shifts to lower energy by 6 cm -1 per electron transferred to C 60 , independent of the dopant or the crystal structure [see, for example, (19) ; for a review on discrete fulleride anions, see (20) ]. The solid-state Raman spectra of 1•2C 60 and 2•2C 60 ( fig. S4 ) (18) were taken using a 514.5-nm excitation laser at 4.6 to 7.8 kW/cm 2 power densities. The A 2g modes of C 60 were centered at 1463 cm -1 and 1462 cm -1 in 1•2C 60 and 2•2C 60 , respectively. The difference between the A 2g peak position of 1•2C 60 and 2•2C 60 is small and within experimental error. We estimate that clusters 1 and 2 transfer two electrons, and each C 60 receives one electron.
The solid-state electronic absorption spectra of 1•2C 60 and 2•2C 60 provide additional confirmation for the formation of charge-transfer complexes in the materials. The electronic spectrum of each material dispersed in a KBr pellet shows a series of transitions between 900 and 1150 nm with the strongest band centered at 1100 nm (figs. S6 and S7) (18) . These features are transitions for the radical anion of fullerene, C 60
• − (20 Fig. 3 ; in Fig. 3A , we compare one C 60 -cluster-C 60 -layer to the corresponding layer in CdI 2 . In Fig. 3 , B to D, we show edge-on and packing views of these same layers; the similarity between our cluster-solid and the "atomic" solid is evident. Although atomic solid CdI 2 appears in many different polytypes, which are related by different patterns of stacking of ab planes, we have observed only one stacking polytype in our cluster solids.
The cluster Ni 9 Te 6 (PEt 3 ) 8 (3) is rich in metal, and we expect this compound to have a greater reducing power than 1 or 2. Interdiffusion of cluster 3 and C 60 solutions for 2 weeks at −30°C gives a black solid that is composed of micronsized cubic crystals. Rietveld refinement of the synchrotron powder x-ray diffraction data ( fig.  S1 ) (18) reveals a 1:1 combination of 3 and C 60 (3•C 60 ) (Fig. 2C ) in a face-centered cubic structure analogous to rock salt with a lattice parameter of 21.7 Å. We observed a broad peak centered at 1454 cm -1 in the solid-state Raman spectrum of 3•C 60 ( fig. S5) (18) . We assign this peak to the A 2g mode of C 60 , and these data strongly suggest that the fullerene in 3•C 60 is more reduced than in 1•2C 60 or 2•2C 60 . These results show that we can prepare binary cluster materials with diverse structural and ionic properties by changing the composition of the molecular cluster building block.
These materials behave less like molecular cocrystals and more like three-dimensional solid-state compounds. For example, 1•2C 60 and 2•2C 60 exhibit activated electronic transport. Figure 4A displays the electrical transport properties of the cocrystals 1•2C 60 ( fig. S9 shows the transport properties of 2•2C 60 ) (18) . We performed twoand four-probe electrical resistivity measurements on single crystals and pressed pellets of 1•2C 60 and two-probe measurements on pressed pellets of 2•2C 60 . Both compounds are good electrical conductors with resistivities on the order of 10 ohm-cm at room temperature. We observe an exponential decrease of the conductance (G) with decreasing temperature. This thermally activated semiconducting behavior displayed Arrhenius behavior with activation energies E a of~150 meV and~100 meV for 1•2C 60 and 2•2C 60 , respectively, and indicates that 1•2C 60 and 2•2C 60 are both gapped semiconductors.
An additional feature of these superatomassembled solids is that the magnetic properties vary as the inorganic cores are changed because of the vastly different spin states accessible with the molecular clusters. Figure 4B shows the temperature dependence of the inverse molar magnetic susceptibility (1/c M ) and the effective magnetic moment (m eff ) of 1•2C 60 from superconducting quantum interference device (SQUID) magnetometry. We corrected the data for diamagnetic and temperature-independent contributions and modeled the results using a modified Curie-Weiss law . The small negative Weiss constant indicates weak antiferromagnetic interactions. Above 10 K, 1•2C 60 showed a temperature-independent effective magnetic moment, m eff = 2.7 m B per f.u. This result agrees well with the spin-only value of 2.8 m B for two noninteracting unpaired electrons and is consistent with the Raman spectroscopy data that show one electron in each of the two C 60 s per formula unit, with the cobalt ions in the cluster not contributing to the overall moment. Figure 4B also displays the temperature dependence of the inverse molar magnetic susceptibility of 2•2C 60 . The important result is that 2•2C 60 exhibits a more complex magnetic behavior, with a change in the slope of this plot around 60 K. We presume the difference in the materials is caused by the large magnetic difference between compound (1) Figure 4C shows the temperature dependence of the magnetization (M) of 3•C 60 . When we applied a field of 200 Oe and cooled the sample to 2 K, we measured no appreciable magnetic response until the temperature reached about 4 K, at which point we observed a sudden transition to a magnetically ordered phase, with M reaching 2300 emu mol f.u. −1 at 2 K. The difference between the zero-field cooled (ZFC) and field-cooled (FC) magnetizations indicates some irreversibility in the magnetically ordered phase. The magnetic response of 3•C 60 to an external field differs dramatically when the sample is examined at temperatures above the critical temperature (T c ) and below T c (Fig. 4C) . At T = 10 K, M scales linearly with the strength of the external applied magnetic field (H). The sigmoidal magnetization curve measured at 2 K is characteristic of ferromagnetism. Compound 3•C 60 exhibits a small hysteresis with a coercivity H c~4 00 Oe. This indicates that the spins freeze in a ferromagnetic state for T < T c . This result demonstrates that the constituent clusters are able to communicate magnetically at low temperature in the same way that atoms are able to in solid-state compounds.
By using clusters that are similar in size and shape to each other, we have created binary assemblies whose infinite crystalline structures are determined not only by the shapes of the clusters but also by the degree of charge transfer between the constituents. The intercluster charge transfer, along with the intermolecular van der Waals interactions that are typical in conventional molecular solids, hold these solid-state compounds together in much the same way that interatomic charge transfer from Cd to I holds CdI 2 together and from Na to Cl holds rock salt together. These results chart a clear path to creating whole families of multifunctional solid-state materials whose electronic and magnetic properties can be tuned by varying the constitution of the superatom building blocks. Gavin Young, 6 Tim Senden, 7 Catherine Boisvert, 8 Nicola Power, 6 Per Erik Ahlberg 4 *
The transition from jawless to jawed vertebrates (gnathostomes) resulted in the reconfiguration of the muscles and skeleton of the head, including the creation of a separate shoulder girdle with distinct neck muscles. We describe here the only known examples of preserved musculature from placoderms (extinct armored fishes), the phylogenetically most basal jawed vertebrates. Placoderms possess a regionalized muscular anatomy that differs radically from the musculature of extant sharks, which is often viewed as primitive for gnathostomes. The placoderm data suggest that neck musculature evolved together with a dermal joint between skull and shoulder girdle, not as part of a broadly flexible neck as in sharks, and that transverse abdominal muscles are an innovation of gnathostomes rather than of tetrapods.
T he most fundamental anatomical divide among living vertebrates is that between the jawless cyclostomes (lampreys and hagfishes) and the jawed gnathostomes (all other vertebrates). Although early development in the two groups is similar, differences in migration and proliferation patterns of cell populations produce profoundly different adult architectures in the head region, encompassing not only the skeleton but also the musculature (1). In conjunction with the presence or absence of jaws, a major difference between the groups is the absence of a shoulder girdle, paired appendages, and a differentiated neck region in cyclostomes.
The gnathostome stem group contains jawless as well as jawed clades, suggesting that the jawless condition is primitive for vertebrates (2) . Some jawless stem gnathostomes, such as osteostracans, have pectoral fins and "shoulder girdles," but the latter are immovably attached to the skull (2). Head-shoulder separation and the origin of distinctive neck muscles such as the cucullaris seem to have occurred at approximately the same time as the origin of jaws. The phylogenetically deepest and morphologically most primitive versions of jawed vertebrate anatomy are found in the placoderms, a paraphyletic array of SilurianDevonian armored fishes that form the upper part of the gnathostome stem group (3, 4) (Fig. 1A) .
Data on placoderm muscular anatomy would add considerably to the knowledge of gnatho-
